Abstract: Thermal behaviour of low-density polyethylene (LDPE)/ ethylene-octene copolymer (POE)/ organo-montmorillonite (org-MMT) nanocomposites, prepared via melt compounding were studied by means of differential scanning calorimetry (DSC), thermogravimetry analysis (TGA) and dynamic mechanical thermal analysis (DMTA) techniques. These nanocomposites showed different levels of intercalated structures depending on clay content, blend composition and compatibilization. Addition of polyethylene grafted maleic anhydride (PE-g-MA), as a compatibilizer, improved the intercalation process. The nanocomposites with 5% org-MMT and 5% PE-g-MA showed improved storage modulus and thermal stability in dynamic mechanical and thermal analysis, respectively. The degradation trends of nanocomposites were almost similar to the neat blends in nitrogen environment, but in air atmosphere thermal stability of the nanocomposites increased. The DSC results showed that the org-MMT layers dispersed in the nanocomposites could act as nucleation agents for the crystallization of the LDPE matrix. The results indicated that clay dispersion and interfacial adhesion, and consequently thermal properties of nanocomposites, are greatly affected by addition of PE-g-MA.
Introduction
In recent years, much attention is being paid to study nanocomposites built from inorganic materials and various polymers because of the anticipated improvements in properties, such as stiffness, gas barrier, flammability and thermal characteristics when the aluminosilicate platelets of clays like montmorillonite are well exfoliated into polymers. Studies have shown that organically modified clays can be efficiently exfoliated in polar polymers like polyamides using appropriate melt processing techniques and conditions [1] [2] [3] . However, for the more commonly used polyolefins, like polypropylene or polyethylene, synthesis of well-exfoliated nanocomposites appears to be more difficult because polyolefins are so hydrophobic and lack suitable interactions with the surface of the clay.
The first step to solve this problem is to make the hydrophilic clay more organophilic using an ion exchange reaction between the naturally occurring alkali metal cations residing between aluminosilicate layers and alkyl ammonium surfactants to produce an 'organoclay'.
In addition, the other strategy at the present time is to add a small amount of a maleic anhydride (MAH) grafted polyolefin that is miscible with the base polyolefin. It is believed that the polar character of the anhydride causes affinity for the clay materials such that the maleated polyolefin can serve as a physical 'compatibilizer' between the matrix and filler [4] . This approach has been very well-developed for polypropylene [5] [6] [7] [8] [9] [10] and polyethylene-based nanocomposite systems [11] [12] [13] [14] [15] [16] [17] .
Ethylene-octene copolymer (POE) developed by Dow Chemical Company using metallocene catalyst is a relatively new type of impact modifier. This copolymer has a controlled level of chain branching along the polymer backbone which makes it a good choice for impact toughening of polyolefins especially the polyethylene (PE). The impact modified polyolefins reinforced with organoclays can be used in different applications in which a combination of flexibility and stiffness especially at low temperatures is a key point. In recent years several studies have been devoted to the toughened polypropylene/elastomer blend systems reinforced with organoclays [18] [19] [20] [21] [22] [23] . It is shown that the organoclays could effectively compensate the reduction of modulus while keeping the toughness at a good level. Low-density polyethylene (LDPE)/POE blend system reinforced with organoclays, having structural similarity between the components, is expected to have improved properties. However, the studies on this system are rare.
In our previous work [24] we studied the morphological and rheological behaviour of LDPE/POE blends and LDPE/POE/org-MMT nanocomposites. Rheological results revealed that POE was more viscous than LDPE and all samples showed shear thinning behaviour. Clear correlation between the shear thinning behaviour and extent of exfoliation was observed. The rheological behaviour of the nanocomposites changed from a liquid-like to a solid-like when the structure changed from a phase separated state to an intercalated and/or an exfoliated structure possibly due to percolation. The LDPE/POE/org-MMT nanocomposites in presence of compatibilizer exhibited significantly high storage and loss modulus as well as complex viscosity at whole frequency range studied.
Clay has a significant role in changing thermal behaviour of polymers due to its influence on crystallization, melting, and thermal stability of polymers which in turn control performance of nanocomposites. On the other hand, the situation is more complex when the matrix is made from two or more components each having different thermal behaviour. Therefore study of thermal properties of such multicomponent systems is important. The aim of this work is to investigate the effect of blend composition, clay addition, intercalation level and compatibilizer on the thermal behaviour of the LDPE/POE/org-MMT nanocomposites.
Results and discussion

State of clay dispersion
This part has been extensively addressed in the previous paper [24] . As discussed in our previous work the x-ray diffraction (XRD) pattern of the org-MMT showed an intensive peak at 2θ around 3.56°, corresponding to a basal spacing of 24.76 A°. When org-MMT was added to the LDPE or POE, this peak was shifted to lower angle. The increase in spacing was an indication of intercalation of polymer into the interlayer galleries of the clay; in fact, XRD patterns confirmed presence of different levels of intercalated structures for all the LDPE/POE/org-MMT nanocomposites. On the other hand, PE-g-MA/clay (95/5) nanocomposite did not show the characteristic basal reflection, suggesting an almost complete exfoliation of the clay layers in the polymer matrix. However, in LDPE/POE/org-MMT/PE-g-MA (67.5/22.5/5/5) it was noticed that adding PE-g-MA to the LDPE/POE/org-MMT nanocomposites did not change the position of the peak significantly, but resulted in broadening and intensity decreasing of the peak. This slight broadening and intensity reduction indicated that the compatibilizer was going to show its role in better dispersion of clay in the polymeric matrix. Still, it seemed that this level of compatibilizer (PE-g-MA/Org-MMT 1/1) was not sufficient for an effective dispersion.
Atomic force microscopic (AFM) micrographs showed presence of phase separated morphology and showed that phase inversion occurs when the percentage of POE in the blends is more than 60%. Adding org-MMT to the blends led to a reduction in the size of POE phase. TEM results revealed existence of clay layers in both phases but they were mainly localized in the POE phase (as can be seen in Figure 1 ). The large difference in melting points of the POE and LDPE components could be a possible reason for the observed partitioning [24] . 
Dynamic mechanical properties
Dynamic mechanical analysis (DMA) is a powerful technique for studying the viscoelastic behaviour of polymer based materials. Experiments involve applying an oscillatory stress to the sample while monitoring the resulting strain, which consists of both in-phase and out-of phase components. The strain can then be used to calculate the in-phase response, or storage modulus (E'), and the out-of-phase, or the loss modulus (E").
In Figure 2 effect of adding compatibilizer to the LDPE/POE/org-MMT nanocomposite is demonstrated. It is observed that the storage modulus of LDPE/POE/org-MMT/PEg-MA is higher than that of LDPE/POE/org-MMT. This enhancement of storage modulus is related to the better dispersion of clay. In line with the XRD results, DMA results also indicate that the addition of PE-g-MA as a compatibilizer improves the intercalation of polymer chains into the clay gallery.
Differential scanning calorimetry
The average values of the degree of crystallinity (X c ), the crystallization peak (T c ) and the apparent melting temperatures (T m ) of the crystallized phase (LDPE) are reported in Table 1 . The heat of fusion values depend on the crystallinity of the material. X c can be calculated using the following formula:
where ΔH°m is the heat of melting of 100% crystalline LDPE (293 J/g) [26] .
It can be seen from the Table 1 that the crystallinity of the system decreases with increasing of the elastomer content; that is, the heat of fusion corresponding to the melting endotherm decreases upon the incorporation of 25% POE into LDPE. This indicates that the crystallization behaviour of the system was affected by presence of POE. Martuscelli et al. [27, 28] have made detailed investigation on the effect of rubber phase on the crystallization behaviour of thermoplastic elastomers, and observed that, the rubber particles are present in the inter and intra spherulitic region of the crystalline plastic phase. Hence the observed decrease in ΔH values and crystallinity is due to the fact that the formation of crystallites in the blend was affected by the presence of POE. The crystallization temperature corresponding to the crystallization endotherm also decreases upon the incorporation of the POE to LDPE. In the case of compatible blends, the decrease in melting temperature is related to the extent of interaction between the components according to Flory-Huggins theory [29] . However Stolp et al. [30] reported that, in the case of incompatible blends, the melting point decreased since the non-crystallizable component retards the crystal growth, which leads to imperfect crystals. Hence, the observed decrease in melting temperature on the addition of POE is due to the impediment caused by POE to the crystal growth of LDPE. Figure 3 demonstrates the role of low percentage of org-MMT on the crystallinity of LDPE. The addition of 1% clay to LDPE/POE blend had a very strong effect on the heat of fusion and hence on the degree of crystallinity of LDPE. This observation implies that the clay layers dispersed in the nanocomposites may act as a heterogeneous nucleation agent for the crystallization of the LDPE matrix. However, little effect is observed on melting and crystallization temperature. The slightly increased melting temperature can be attributed to the slight increase in lamellae thickness which indicates a slight improvement in crystals perfection with the addition of clay particles. Also it might be attributed to the entropy changes.
Tab. 1.
The Gibbs free energy of melting ΔG m is given by:
where ΔH m , ΔS m are enthalpy and entropy changes accompanied by melting. At the melting temperature, ΔG m = 0 , so
When chain mobility is restricted by org-MMT, it can be anticipated that ΔS m will be decreased compared to the pristine polymer. So, a decrease of ΔS m by restricted chain mobility in the presence of org-MMT may be suggested as a cause of a T m increase when a small amount of org-MMT is added. As the content of org-MMT in LDPE/clay (Table 1) and LDPE/POE/clay increases ( Figure 3 ) its effect on the crystallinity of LDPE phase decreases. This could be related to the agglomeration of nanoclay. As a result nanoclay layers cannot act as nucleating agent and may hinder the transport of the molecule chains too. This results in a decrease of the crystallization growth rate of the LDPE matrix. Figure 3 also indicates the influence of PE-g-MA on the crystallization of LDPE/POE/clay nanocomposite. An increase in heat of fusion and degree of crystallinity and decrease in melting and crystallization temperature is observed. The increase in the heat of fusion is probably due to the formation of more thin lamellar crystals, which could result from a nucleation effect of PE-g-MA similar to that of LLDPE/EVA blend [31] . The exfoliated silicate layers also seem to have an effect on the crystallinity by acting as heterogeneous sites for secondary nucleation [17] .
The reason for decreased melting and crystallization point and delayed crystallization may be the presence of PE-g-MA with a lower softening point, which leads to decreased crystallite size of the compatibilized LDPE/POE/clay hybrid. The reduction effect of the transition temperature is a consequence of the anhydride group which is bulky and does not allow the polymer chains to accommodate properly, affecting crystal size and crystal formation. Similar effects have been observed by Duvell et al. in polypropylene [32] and by Gloor [33] and Simmons and Baker in polyethylene [34] . Fig. 4 and Table 2 show the thermogravimetric (TGA) curves and thermal degradation data in nitrogen atmosphere for LDPE, LDPE/POE (75/25), and their nanocomposites, respectively. The initiation of degradation (T -5% ) of pristine LDPE was found to occur at around 410 °C and maximum degradation occurred at 455 °C.
Thermogravimetric analysis
As it can be seen the difference in decomposition (T -5% , T -10% ) and maximum degradation temperature of pristine polymer and their nanocomposites are not significant in nitrogen environment; however, the incorporation of 5 wt% org-MMT with compatibilizer into the LDPE/POE blend increased both the initiation and maximum degradation temperatures as compared to pristine LDPE/POE blend. The increased thermal stability of the nanocomposites might be attributed to the organicinorganic interaction between the polymer and nanoclay. The enhanced thermal stability of the compatibilized hybrid is attributed to the strong interaction of base polymer and clay surface through physical linkage between compatibilizer and nanoclay, which in turn mediates the surface polarity of the clay and the host polymer at the clay-polymer interface.
For further study of thermal stability of nanocomposites, TGA measurements were carried out in oxygen atmosphere too. The corresponding TGA curves are shown in Fig. 5 . There are two distinct and well-separated turns in the TGA curves. Therefore, unlike the thermal scission of C-C bonds in nitrogen, in presence of air the thermooxidative degradation of blends and nanocomposites can be roughly regarded as a two-step degradation process. In presence of air the degradation process becomes initiated by hydrogen abstraction by oxygen which is a bi-radical, and occurs at a temperature much lower than that at which C-C bonds undergo thermal scission. The second turn, which is not found in their degradation in nitrogen atmosphere, is due to a further oxidative degradation process. The values of the 10% decomposition temperature and maximum degradation temperature (T max1 , T max2 ) of all the nanocomposites are listed in Table 3 .
It is assumed that, in air, the nanocomposite presents a significantly enhanced barrier effect due to the accessional diffusion of both the volatile thermo-oxidation products to the gas phase and oxygen from the gas phase to the polymer matrix, contrasted with that in nitrogen. However, some of the nanocomposites have lower T max data compared to those of the neat blends especially at second stage of decomposition. For example, the T max2 of LDPE/POE/clay (75/25/5) was at 415 °C, whereas for LDPE/POE (75/25), the T max2 increased to 454 °C. The second stage of decomposition was attributed to the formation of chars, such as the oxidation and pyrolysis residues of chains, produced at the end of the first stage [35] . In the case of neat blend, the chars produced during the first stage can agglomerate firmly together. However, in the case of nanocomposite, clay particles might act as shelter during the char formation. This so called ''sheltering" effect of clays towards oxygen can make the chars puffed and loose, which assists the thermal and mass diffusion and accelerates their decompositions [36] . As a result, the second stage of degradation for nanocomposite appears to occur at lower temperatures compared with that of pure polymers [37] .
However, when compatibilizer is added to the nanocomposites, the initiation and maximum temperatures are shifted by ca. 50 °C towards higher temperature. This effect is explained by the fine dispersion of the clay layers, which decreases the polymer permeability to both oxygen and the volatile decomposition products. The small molecules generated during the thermal decomposition process cannot permeate but have to bypass the clay layers. Thus, the addition of the clays slows down the release rate of the decomposed byproducts and hence enhances the thermal stability of the nanocomposites.
Based on the TGA results it can be concluded that due to the coexistence of barrier effect and catalytic decomposition, thermal degradation behaviour of LDPE/POE/clay nanocomposites in nitrogen and air atmosphere appeared complicated.
Regardless of atmosphere, clay nanoparticles well dispersed in nanocomposites hindered the thermal transport from surface to inner matrix, and then weakened the thermal transduction rate. Furthermore, the barrier effect of nanocomposite was also ascribed to the obstacle of thermal degradation products volatized from inner matrix into external environment. However, compared with that in nitrogen, there was an additional passing path for oxygen from outside to the interior of nanocomposite in air. The exfoliated clay also was an obstacle to transfer of oxygen gas, which enhanced the barrier effect of LDPE/POE/clay/PE-g-MA nanocomposite compared with that in nitrogen.
Conclusions
The intercalated/ exfoliated LDPE/ POE/ org-MMT nanocomposites were prepared via melt blending and their structures were confirmed by XRD, AFM, and TEM. Also, it is observed that PE-g-MA acted as an effective compatibilizer for clay dispersion. In agreement with XRD results dynamic mechanical measurements indicate that the storage modulus of the nanocomposites with PE-g-MA are higher than their pristine blends and nanocomposites.
DSC thermograms show that crystallinity of the LDPE system decreases with increasing of the POE content; in addition, it is observed that the nanoparticles dispersed in the nanocomposites may act as a heterogeneous nucleation agent for the crystallization of the LDPE matrix. However, little effect is observed in melting and crystallization temperatures in blends and nanocomposites. It could be concluded from TGA results that different factors are important in thermal stability of the nanocomposites; however, generally it is observed that nanocomposites have higher thermal stability as compared to neat polymer and blends. This improvement in thermal stability of nanocomposites is stronger in oxygen atmosphere. The role of compatibilizer in clay dispersion is noticeable in DSC and TGA results, too. The results indicated that clay dispersion and interfacial adhesion are greatly affected by addition of PE-g-MA. Our results demonstrate that adding nanoparticles to polymer blends allows tailoring the thermal properties of the hybrid, potentially leading to highperformance materials which combine the advantages of polymer blends and the merits of polymer nanocomposites.
Experimental
Materials
Low-density polyethylene (LDPE) Grade LD 100MED from Exxon Mobile Chemical, with MFI of 2.0 g/10min (ASTM1238, 190 °C, 2.16 kg), density of 0.923 g/cm 3 and melting point of 109 °C and ethylene-octene copolymer (POE) Grade Engage 8100 from DuPont Dow elastomer, with MFI of 1.0 g/10min, density of 0.870 g/cm 3 and melting point of 55 °C were used. The compatibilizer used in this study was Fusabond E MB226DE which is a chemically modified LLDPE with high level of grafted MAH from DuPont with MFI of 1.5 g/10 min, density of 0.93 g/cm 3 and melting point of 122 °C. Nanomer I.44 was purchased from Nanocor. It was ion-exchanged clay with a dimethyldialkylammonium halide (70% C18, 26% C16 and 4%C14) [25] . The cation-exchange capacity (CEC) and the specific surface (S) of this clay were 135 meq/100g and 77 m 2 /g, respectively. It had mean particle sizes in the range of 15-20 μm.
Melt processing
Nanocomposites were prepared via melt compounding using a conical twin screw micro-compounder (DACA Instrument, USA) with a temperature of 210 °C. The screw speed was 100 rpm. All materials were dried for 2 hours in a vacuum oven at 80 °C, except the POE which was dried at 50 °C. Before melt blending the materials in a predetermined composition were dry blended initially and shaken well for few minutes, then fed to the compounder.
Sample characterization
The level of intercalation and exfoliation of clay by polymer was determined by a Philips X-ray diffractometer using Cu K α radiation with λ=1.54 A° (40 KV, 30 mA), The scanning was performed in 2θ range from 1 to 10° at a scanning rate of 1°/min.
The dispersion of the clay platelets in the blend was studied by means of transmission electron microscope (TEM). Ultra thin sections of the samples (approximately 70 nm thick) were obtained by cooling the sample in liquid nitrogen, using a Reichert om U3 ultramicrotome equipped with a diamond knife. The sections supported on 400-mesh grids were stained in OsO4 vapours to enhance the phase contrast between the LDPE and POE. A PHILIPS CM200 FEG STEM, performing with an accelerated voltage of 200 kV was used.
Dynamic mechanical analysis was performed using a Triton DMTA using a single cantilever with a frequency of 1 Hz, a temperature range of -150 °C to 100 °C and a heating rate of 2 K/min.
Differential scanning calorimetric (DSC) measurements were performed on a PL-DSC (Polymer Laboratories). Samples of about 4 mg were first heated from 0 to 210 °C at a heating rate of 10 K/ min and subsequently cooled to 0 °C at the same rate. The second heating cycle was performed right after the cooling cycle with the same rate.
Thermal stability was determined by thermogravimetric analyzer (Perkin Elmer, Pyris 1 TGA) using a heating rate of 10 K/min and temperature range of 30 to 650 °C, in air as well as in dry N 2 atmosphere.
